We present a record of monsoon variations for the early and middle Holocene that is inferred from the geochemistry of sediment cores from Ahung Co, a lake in central Tibet. The resolution of this record is better than 50 yr and the age model is derived from radiocarbon ages of terrestrial charcoal, which eliminates errors associated with the lake hard-water effect. We made down-core geochemical measurements of % carbonate, % organic carbon, C/N and d 13 C of bulk organic matter, d 13 C and d
Introduction
The Asian summer monsoon is one of the most important components of Earth's climate system. Monsoon extremes cause flooding and droughts that impact nearly half of the world's population. In addition, the Asian monsoon may affect climate globally, through interactions with El Niño (e.g., Shukla and Paolino, 1983; Liu et al., 2000) and mid-latitude circulation (e.g., Wang et al., 2001) .
It is well established that the Asian monsoon weakened through the Holocene in response to the gradual decrease in summer insolation (e.g., Prell and Kutzbach, 1992; Overpeck et al., 1996; An et al., 2000) Recently, higher-resolution records have provided hints of abrupt climate transitions and fluctuations superimposed upon this gradual trend (e.g., Gasse and Van Campo, 1994; Guo et al., 2000; Morrill et al., 2003; Overpeck et al., 2005) . Resolution, age control and spatial coverage are, however, currently insufficient to develop a detailed picture of regional monsoon variability on decadal to century timescales.
In this research, we develop a century-scale record of monsoon variations during the early and middle Holocene based on the water-balance history of Ahung Co (Co = lake) in Tibet. Tibet is an excellent place to study the Asian monsoon for three reasons. First, the present-day limit of monsoon rainfall crosses Tibet, causing this region to be particularly sensitive to monsoon variations (Fig. 1) . Second, the Tibetan Plateau plays an important role in initiating and maintaining the monsoon circulation. During the summer, a strong latitudinal temperature gradient exists in the upper troposphere due in part to heating of the atmosphere over the plateau. This gradient fuels the monsoon circulation. Surface and climatic conditions on the plateau, which impact tropospheric heating, can play an important role in modulating the monsoon circulation (e.g., Barnett et al., 1988) . Third, the environment of Tibet has been relatively undisturbed by human activities. Intensive agriculture and settlement in other parts of the monsoon region, including India and eastern China, add a complicating factor to proxy records (e.g., Hodell et al., 1999) .
Despite the motivation for developing monsoon records from Tibet, few records exist from this region and those that do have uncertain age models. The age models of two Tibetan ice cores that span the Holocene were estimated by extrapolation of annual layer thickness and correlation to the GISP2 ice core (Thompson et al., 1989 (Thompson et al., , 1997 . Due to a lack of terrestrial macrofossils, age models for Tibetan lake records have been based on radiocarbon dates of aquatic material. These lakes have hard-water effects as large as 3200 yr , however, and possible variations in the hard-water effect through time were not taken into account in every case (Gasse et al., 1991 Lister et al., 1991; Morinaga et al., 1993) . This new record from Ahung Co has an accurate age model based on more than 50 radiocarbon dates of both aquatic material and terrestrial charcoal.
Study area
Ahung Co is a small (3.6 km 2 ) freshwater lake located in the steppe of central . This region has relatively low topographic relief; the elevation of the lake is 4575 m and elevations in its drainage basin are up to 4900 m (Fig. 1) . The area of the lake's surface drainage basin is about 100 km 2 . There are several streams that discharge water into the wetlands surrounding the lake, but none of these streams flow directly into the lake. Ahung Co has a small surface outlet and the lake level currently oscillates above and below the level of this outlet. Mean lake depth in July 2001 was about 1 m and maximum lake depth was about 1.5 m.
The region surrounding Ahung Co is underlain by Mesozoic sedimentary and metasedimentary rocks (Chang et al., 1988) . Outcrops in the basin consist of quartzite, shale and small amounts of dolomite. Vegetation in the basin consists of marsh meadows composed of Cyperaceae and steppe dominated by Artemisia and Stipa (Shen, 2003) .
The mean annual air temperature in this area is about À1.5-C, and patches of permafrost are present in some locations (Wang and French, 1995) . Average air temperature during January is about À13-C and during July is about 9-C. Annual precipitation is between 30 and 60 cm, with about 80% falling from June to September during the summer monsoon.
A detailed water-balance study of Ahung Co and its drainage basin over the past 16 yr showed that present-day water-balance fluctuations are caused primarily by variations in the amount of summer monsoon precipitation (Morrill, 2004) . Decreased lake and basin evaporation during humid monsoon summers further amplifies the response of lake level to monsoon variations.
Methods

Core collection
We collected three sediment cores from Ahung Co during July 1995 and July 1999 using a modified Livingstone piston corer (Wright et al., 1984) and a floating platform. These cores, designated 2A, 3A and 4A, were collected from the deepest part of the lake, which was under about 1.5 m of water in July 2001 (Fig. 1) . All three cores are 1 m long or less; an unidentified, unpenetrable layer exists below this depth. The main visual feature of each of these cores is a nearly identical pattern of alternations between layers dominated by the aquatic macrophyte Potamogeton and layers consisting primarily of lacustrine carbonate (Fig. 2) . 
Radiocarbon dating
The bedrock in the basin of Ahung Co contains some carbonate rocks, including dolomite and shales with calcareous cement. Thus, we expect that radiocarbon ages of aquatic material are older than their actual time of deposition due to the lake hard-water effect (e.g., Deevey et al., 1954) . This is confirmed from radiocarbon dates on living, submerged aquatic plants (Potamogeton spp.) collected from the lake in July 2001. In alkaline waters (pH > 8) where aqueous CO 2 is limited, these plants use bicarbonate for photosynthesis (Lucas et al., 1978) and their ages reflect the hard-water effect. Three samples of Potamogeton yield an average 14 C activity of 99.8% (Table 1) . Given a 14 C activity of atmospheric CO 2 in 2001 of¨108% (S. Trumbore, unpublished data), the present hard-water correction for Potamogeton in Ahung Co is 600 to 700 yr.
To generate an age model that does not reflect the hard-water effect, we used terrestrial charcoal from core sediment. Charcoal was identified under a microscope and picked using tweezers. Due to the small amounts of charcoal in these cores, it was necessary to combine samples from corresponding intervals in multiple cores. We correlated the cores to the 1-cm level using measurements of % carbonate, d
18 O and d 13 C of bulk carbonate, and Potamogeton radiocarbon ages (Fig. 2) ; these correlations also agree with those based on fine-scale visual stratigraphy of Potamogeton layers. Charcoal is scarce in the lower half of the cores and we obtained only one radiocarbon measurement from these depths ( Table 2 ). This date (UCIT 3388) was measured using charcoal and terrestrial fly fragments from a 20-cm length of sediment near the bottom of core 2A.
Due to the very small size of these charcoal samples (e.g., 100 to 200 Ag of carbon), we measured the d 13 C value of only one sample. This value (À24.1°) is distinct from the d 13 C value of Potamogeton, the primary aquatic plant (¨À10°), but is close to values obtained for modern steppe plants surrounding the lake (¨À25 to À27°). We conclude that steppe plants are the likely source of this charcoal.
We calculated calendar ages of all radiocarbon dates using the CALIB radiocarbon calibration program v. 4.3 and the calibration dataset of Stuiver et al. (1998) . Four of the six charcoal dates are not statistically different from the ages of Potamogeton from the same depth. The remaining two charcoal samples, AA44634 and UCIT3388, are younger than Potamogeton samples from the same depth (Table 2, Fig. 2 ). The age of sample AA44634 is assumed to be inaccurate because it does not agree with other charcoal dates and would require an age reversal in the sediments. Sample UCIT3388 spans a 20-cm interval, but most of the material is derived from the upper several centimeters of this interval. The age of UCIT3388 and the age of Potamogeton from this smaller interval are not significantly different.
From this, we conclude that the hard-water effect was small (<600 -700 yr) and relatively constant through time. We base the age model for these cores on the four consistent charcoal dates and the Potamogeton dates, which are fit best by three lines with inflection points at 20 cm and 28 cm (Fig. 2) . This fit implies a period of lower sedimentation rate between 5000 and 6000 cal yr B.P. Potamogeton dates also indicate that sedimentation rates were lower in cores 3A and 4A than in core 2A during this interval. Fine-scale correlation of geochemical time-series from these cores suggest that cores 3A and 4A lack a 6-cm length of sediment present in core 2A (Fig.  2) . The significance of this will be discussed in later sections. Similar gaps also seem to occur from 48 to 56.5 cm in core 4A and from 61.5 to 68.5 cm in core 2A (Fig. 2) . We chose not to add inflection points to the age model at these intervals because the gaps occur in only one core and radiocarbon dates from the other cores do not show a change in sedimentation rate.
Geochemical measurements
We measured % carbonate and the d 18 O and d 13 C of bulk carbonate for all three cores for the purpose of core correlation. For core 3A, we measured additional variables for a more complete record of past variations in monsoon strength. This section describes our measurement methods and the next section discusses how the sediment geochemistry reflects past environmental and climatic change.
We measured the percent by weight of total carbon (TC) and inorganic carbon (IC) in bulk sediment at 0.5-cm intervals using a UIC Coulometrics model 5011 coulometer in the University of Arizona (UA) Geosciences Department. Reagentgrade CaCO 3 standards indicate measurement errors less than 0.02% by weight. Percent total organic carbon (TOC) was calculated as the difference between TC and IC. We calculated the percent of carbonate (CaCO 3 ) by multiplying IC by 8.3, which is a scaling factor that accounts for the atomic mass of calcium and oxygen.
We measured the d 18 O and d 13 C of bulk carbonate and of carbonate encrustations that precipitated inorganically around the stems of Potamogeton. Measurements were made in the UA Geosciences Department using a Micromass Optima mass spectrometer with automated common acid bath carbonate preparation device. Analytical precision, based on replicate measurements of a carbonate standard, was T0.02°d 13 C and T0.07°d
18 O. In addition, we measured the d 18 O of surface water and precipitation samples from 1995 and 2001 on, respectively, a VG SIRA mass spectrometer with CO 2 equilibration automated preparation device at the Institute for Arctic and Alpine Research at the University of Colorado and a Finnigan Delta S mass spectrometer with CO 2 equilibration automated preparation device at UA. The analytical precision is T0.05°dd
18 O. The carbon-to-nitrogen ratio (C/N) and d 13 C were measured for several modern plant samples and also for bulk organic matter in core sediments at 1-cm intervals. To remove inorganic carbon from core sediments, we treated all samples with 8% sulfurous acid using the technique of Verardo et al. (1990) . This method has several advantages over other techniques for carbonate-rich sediments: (1) excess acid is released as SO 2 gas, which eliminates the need for multiple rinsing steps during which sample can be lost, (2) samples are completely decalcified, and (3) water is not retained by hygroscopic salts (Verardo et al., 1990) . Samples were analyzed on a Finnigan Delta Plus with Elemental Analyzer interface at UA. The standard deviations of replicate analyses of an acetanilide standard were T0.12 C/N and T0.04°d 13 C. We measured the percent by volume of dolomite in the nonorganic fraction of bulk sediment using X-ray diffraction methods. We removed organic matter from samples by treatment with 5% NaOCl (commercial Clorox) for 3 days. Previous studies indicate that this treatment causes no dissolution of carbonate minerals and is also the most effective for removing organic material (Gaffey and Bronnimann, 1993) . Our analysis of several samples before and after this treatment verifies that the treatment did not alter any mineral diffraction patterns.
We generated diffractograms for 50 mg of each sample using a Siemens D-500 X-ray diffractometer with CuKa radiation at UA. We calculated the area of dolomite's major peak by multiplying the peak height and the peak width at halfheight. This calculation approximates the actual peak area well and eliminates problems associated with overlapping peaks (Moore, 1989) . To calibrate the relationship between XRD peak area and mineral percent, we analyzed artificial mixtures with known amounts of dolomite. By comparing known and measured values, we estimate that our calculated values are accurate to within T1%.
Proxy interpretations
Carbonate and organic carbon
The percents of carbonate and organic carbon are negatively correlated and reflect alternations between Potamogeton-rich layers and carbonate-rich layers (Fig. 3) . The carbonate in this core consists primarily of calcitic micrite and aragonitic encrustations that formed on the stems of the aquatic macrophyte Potamogeton, but also contains small quantities of gastropods, ostracods, and detrital grains. Potamogeton fragments in the core are several centimeters long and were deposited horizontally in densely-packed layers. In the lake today, Potamogeton grows in water depths between 40 and 110 cm (Fig. 4) . Water depth has a strong effect on the distribution of aquatic macrophytes, affecting macrophytes by decreased light availability in deep water and by mechanical damage by ice and exposure in shallow water (Blindow et al., 1993) . The carbonate-rich intervals lacking Potamogeton more likely formed in waters >110 cm, not <40 cm. If the lake were only 40 cm deep, it would be closed. The presence of Planorbiid gastropods that require freshwater (Baker, 1945) and d
18 O values indicative of overflowing conditions (see below) argue against this possibility.
C/N and d
C organic
Variations in the C/N ratio and d 13 C of bulk organic matter reflect changes in the relative amounts of lacustrine algae, which are the dominant organic material in carbonate-rich intervals, and Potamogeton. Intervals of low (high) C/N and low (high) d 13 C are dominated by algae (Potamogeton) (Fig.  5) . Terrestrial plant material, with the exception of small quantities of charcoal, is not present in the sediments. While the C/N ratio shows fine-scale variations corresponding to individual Potamogeton-rich intervals, d
13 C values only record the major increase in Potamogeton around 7000 cal yr B.P. (Fig. 3) . This might be explained by the competing influence of large changes in the d 13 C of lake dissolved inorganic carbon (DIC) during these short-scale fluctuations (see below).
Dolomite
There are several possible sources for dolomite in lake sediments. These include: (1) direct precipitation from saline lake water, (2) precipitation as a cement during diagenesis of lake sediments, (3) loess deposition, and (4) detrital dolomite transported by water from bedrock sources in the drainage basin. The last possibility is the simplest explanation for the presence of dolomite, since near-shore surface sediments contain pebbles of detrital dolomite. It is unlikely that loess is the source because loess in Tibet typically consists mostly of quartz and clay minerals (50 -90%), with small (0 -3%) amounts of dolomite (Pewe et al., 1995) . Measurements for lacustrine algae were collected from Asian and North American lakes (Meyers, 1994 ). (Fig. 3) . This might be explained by the fact that Potamogeton discriminates less against 13 C during photosynthesis than do lacustrine algae, causing lake DIC to have a more negative d 13 C value when photosynthesis is dominated by Potamogeton. The isotopic compositions of Potamogeton and lacustrine algae are different enough (about 10°) to make this a potentially large effect. (Grossman and Ku, 1986) . Similarly, variations in the amount of aragonite, which is enriched in 18 O relative to calcite formed under the same conditions by about 0.6 to 0.9°(e.g., Grossman and Ku, 1986) value of À5.4°PDB. The difference in these values might be explained by our inability to completely remove lacustrine carbonate precipitates from the dolomite sample. In the absence of a trustworthy value from a dolomite sample, we used our estimated value (4.8°) and a mass balance calculation to correct for the presence of dolomite. The resulting curve agrees better with most of the d 18 O measurements made from Potamogeton encrustations, which we measured whenever possible to eliminate the contribution of detrital calcite (Fig. 6) . The d
18 O values of these two materials are similar, although values from bulk carbonate are less variable because they reflect conditions averaged over¨50 yr as opposed to several months.
In the upper two thirds of the core, detrital dolomite is absent and the trend of the d 18 O of bulk carbonate agrees with the d 18 O of authigenic encrustations (Fig. 6 ). This trend must be caused by changes in the d
18 O of lake water, which is a function of (1) the d 18 O of precipitation and (2) the residence time of water in the lake and/or catchment. Today, both factors are dependent on the amount of monsoon precipitation (Morrill, 2004) . First, summer monsoon precipitation, which is derived from the Indian and/or Pacific oceans and falls from large frontal systems, is generally between À15 and À20°, as opposed to precipitation from local convective systems, which is derived from continental water sources and has values typically between À5 and À10°. This is shown by our limited measurements in 2001 (Table 3) as well as more extensive sampling by Tian et al. (2001) at Nagqu. The low d
18 O values of monsoon precipitation are due to progressive rain-out of the monsoon air masses as they move inland (Araguas-Araguas et al., 1998) . Second, as discussed previously, Morrill (2004) showed that recent water-balance fluctuations in Ahung Co are caused primarily by variations in monsoon precipitation.
The effects of monsoon precipitation on the d 18 O of lake water are especially clear today. In July 1995, after several years of below-average monsoon precipitation, the lake was closed and the d 18 O of lake water was +2.3° (Table 3) . By July 2001, several years of above-average monsoon rainfall raised the lake level to overflowing and d
18 O fell to À9.5°S MOW (Table 3) .
Assuming summer water temperatures between 10-and 20-C, conditions observed in July 2001, we calculate that sediment carbonates must have precipitated from water between À9 and À14°SMOW. Based on this and the d 18 O of lake water in 1995 and 2001, we conclude that the lake was not closed for any extended period of time during the period of sediment deposition.
Inferred lake-level and monsoon history
We used principal component analysis (PCA) to identify the major transitions and fluctuations that are common to our expanded suite of proxies from core 3A. For the PCA we used the time-series shown in Figure 3 , with three exceptions. First, we excluded % organic carbon because it is strongly anticorrelated with % carbonate (r 2 = 0.58) due to dilution. Excluding % carbonate instead, or excluding any of the other time-series, does not change the results (not shown). Second, we used the d
18 O time-series corrected for the presence of dolomite (Fig. 6) . Last, we excluded the low-resolution time-series of d
18 O values measured from encrustations.
Using the graphical test described by Wilks (1995) , we determined that the first three principal components contain important information. The first PC shows a trend with greatest change between 7000 and 7500 cal yr B.P. (Fig. 7) . The second PC shows multi-century oscillations that correspond to alternations between Potamogeton-rich and carbonate-rich layers. Phases of these oscillations that align with Potamogeton-rich intervals are labeled A -G in Figure 7 . The third PC shows a step change at¨4700 cal yr B.P. Climatic interpretation of these events is as follows:
Transition 1 (7000 -7500 cal yr B.P.)
The first PC is significantly correlated with five of the six proxies used in the PCA (Table 4) . Two of these proxies, C/N and d 13 C organic , indicate that the amount of Potamogeton increased sharply between 7000 and 7500 cal yr B.P. This agrees with the % carbonate and % organic carbon time-series, which show the first significant growth of Potamogeton at the core site at this time (Fig. 3) . The increase in Potamogeton was likely due to a decrease in lake level to depths more suitable for its growth. We emphasize, however, that Potamogeton growth responds non-linearly to lake depth (Fig. 4) . Thus, a gradual decrease in lake level could produce an abrupt increase in Potamogeton abundance.
Of the other proxies, detrital dolomite decreased abruptly to below the detection limits (1 -2%) of our XRD analysis around 7500 cal yr B.P. This might indicate a reduction in runoff from the drainage basin. In addition, d
18 O values declined following this transition, reflecting increased residence time and/or less monsoon precipitation. The correlation between the first PC and the d 13 C of bulk carbonate is more difficult to interpret because of possible effects of dolomite deposition on d
13 C values before 7500 cal yr B.P. Overall, we argue that the first PC reflects a decrease in lake level and monsoon precipitation through the Holocene, with the greatest change occurring between 7000 and 7500 cal yr B.P. following an early Holocene monsoon maximum.
Multi-century oscillations
Alternations between Potamogeton-rich intervals and intervals dominated by carbonate and algal remains are clearly shown by the second PC (Fig. 7) , though they are muted before 7000 cal yr B.P. when the lake was perhaps too deep at the core site for significant Potamogeton growth. Similar alternations occur in shallow lakes in many regions of the world (e.g., Blindow et al., 1993; Engel and Nichols, 1994; Coops and Doef, 1996) . These states might represent two stable equilibria in shallow lakes (e.g., Scheffer et al., 1993) . In one state, lacustrine algae dominate. They form blooms in the surface water and reduce the transparency of lake water, which prevents macrophyte growth. In the other state, transparency is increased and aquatic macrophytes, such as Potamogeton, dominate. Macrophytes suppress algal growth by harboring zooplankton that graze phytoplankton and by releasing sub- Figure 7 . First three principal components calculated for six proxies from core 3A. All y axes are oriented such that periods of higher lake level and/or increased monsoon precipitation plot towards the top of the figure. Percent of total variance in the time-series explained by the principal component shown on right. Lithologic column shows intervals of abundant Potamogeton, as in Figure 2 . T1 and T2 indicate periods of rapid change. Letters A -G identify times of peak dryness during multi-century oscillations. Correlation coefficients statistically significant at the 99.9% confidence level are in bold. stances toxic to the algae (Scheffer et al., 1993) . Macrophytes also improve water clarity by reducing resuspension of bottom material. Environmental disturbances cause the system to shift between the two states. These disturbances include changes in lake level, sediment or nutrient loading, ice thickness, or wind mixing (Blindow et al., 1993; Coops and Doef, 1996; Engel and Nichols, 1994) . In the case of Ahung Co, we argue for two reasons that Potamogeton-rich intervals formed when the monsoon was weaker and water levels were lower. First, Potamogeton growth in Ahung Co is clearly dependent on water depth (Fig. 4) . Second, we find some correspondence between Potamogeton-rich intervals and periods of more enriched d 18 O measured from encrustations (Fig. 3) . This extends to core 2A, as well, where enriched d
18 O values between 5800 and 6100 cal yr B.P. correspond with an interval of particularly abundant Potamogeton (Fig. 3) .
Low d 18 O values measured from the core indicate that Ahung Co overflowed throughout the period of sediment deposition. This does not mean, however, that lake levels must have remained steady relative to the sill depth. Today, during periods of overflow, lake level has risen at least 40 cm above the elevation of the sill (Morrill, 2004) . Lake level fluctuations of this size are large enough to cause variations in the amount of Potamogeton.
Transition 2 (4700 cal yr B.P.)
The third PC shows a step change that is significantly correlated to a shift in the d
18 O record to less negative values (Table 4 , Fig. 3 ). We infer that monsoon precipitation decreased and the residence time of water in the lake increased at this time. The shift in d
18 O values is also apparent in measurements using Potamogeton encrustations (Fig. 3) , indicating that it reflects changes in the d 18 O of DIC rather than detrital influence. Unlike Transition 1, Potamogeton did not become more abundant at this time. This might be explained by the non-linear response of this proxy to lake depth (Fig. 4) .
Late Holocene (<4000 cal yr B.P.)
The cores do not contain sediment from the last¨4000 calendar years. We argue that the lake was too shallow to accumulate sediments during some or all of this time. When lake level falls below a critical depth in very shallow lakes, wind mixing increases, sediment will cease to be deposited and previously deposited sediments can be eroded (Verschuren, 1999; Douglas and Rippey, 2000) . Desiccation of the lake and deflation of exposed sediments are also possible, but we have found no evidence for this, such as unconformities or changes in sediment texture. It is more probable that the lake became shallower but did not completely desiccate. The possibility of sediment erosion makes it impossible to say at what times the lake was too shallow for sediment accumulation. A similar drop in lake level can explain changes between 5000 and 6000 cal yr B.P., when the sedimentation rate of core 2A decreased and there was a period of erosion and/or non-deposition in cores 3A and 4A. The large increase in d
18 O values in core 2A at the start of this interval supports this interpretation. Under this scenario, the more complete sediment record of core 2A might be explained by spatial variations in mixing and sediment focusing on the bottom of the lake.
Sediment infilling through the Holocene contributed to low lake levels during the late Holocene, but it cannot be the sole explanation. Infilling alone would lead to a decrease in lake volume, a decrease in lake-water residence time and decreased d
18 O values. Instead, we find an increase in d 18 O values through the Holocene (Fig. 6) , consistent with declining monsoon precipitation.
We did not recover the top 1 or 2 cm of surface sediments during coring. Bulk organic matter in surface sediments in shallower parts of the lake has 14 C activities between¨93 and 99% (Table 1 ). The d
13 C values of these samples and visual examination of the sediments indicate that most of the organic matter is lacustrine algae. It is difficult to assign an exact age to these sediments because of large recent variations in atmospheric 14 C due to bomb testing. It is clear, however, that these sediments are not¨4000 yr old. Assuming a hard-water correction similar to that measured in modern Potamogeton, these samples yield 14 C activities between¨100 and 107%, suggesting they contain a mixture of bomb and pre-bomb radiocarbon. Therefore, during the 20th century and possibly earlier, sediment accumulated in the lake, probably due to increased lake level and monsoon precipitation.
Discussion
The sediment record from Ahung Co indicates that monsoon precipitation decreased through the late and middle Holocene following maximum values before 7500 cal yr B.P. Superimposed on this trend are two relatively rapid decreases in monsoon rainfall at 7000 -7500 and 4700 cal yr B.P. and several wet -dry oscillations with a median spacing of¨500 yr (range: 200 to 1650 yr). At one or more times after 4000 cal yr B.P., the lake probably became too shallow for sediment deposition and increased wind mixing caused sediment erosion and/or resuspension. Similar conditions might have existed between 5000 and 6000 cal yr B.P. when the sedimentation rate of core 2A decreased and there was a period of erosion and/or non-deposition in cores 3A and 4A. Surface sediments in the lake accumulated during the 20th century and possibly earlier. The age of these recent sediments is not well constrained, but we speculate that they correlate to an increase in monsoon strength during the past 400 yr inferred by Anderson et al. (2002) for the Indian Ocean.
This is the first water-balance record from Tibet to have an age model based on terrestrial material. Our results illustrate a problem in using core-top dates from aquatic plant material to determine the hard-water effect, a method used for other Tibetan lakes. It is nearly impossible to distinguish between a sedimentary gap at the top of the core due to low lake level and a large hard-water effect. Measurements of 14 C activity in the modern lake can indicate the expected hard-water effect. However, changes in the hard-water effect through time must also be considered.
A decrease in monsoon strength through the Holocene is apparent in other records, including those from Sumxi Co, Bangong Co, the Arabian Sea, Oman and elsewhere ( Fig. 8 ; Gasse et al., 1991 Gasse et al., , 1996 Overpeck et al., 1996; Liu et al., 1998; Fleitmann et al., 2003) . This is expected given declining summer insolation through the Holocene. During the summer, temperatures over Asia increase more than temperatures over the Indian Ocean due to the higher specific heat of water. This results in a temperature gradient that fuels the monsoon circulation. When summer insolation is lower, the temperature contrast between land and ocean is less pronounced and the monsoon circulation is weaker.
Rapid decreases in monsoon precipitation, such as those we inferred for 7000 -7500 and 4700 cal yr B.P., are less consistent among nearby records (Fig. 8) . This could be the result of (1) regional differences in monsoon history, (2) the influence of climatic variables other than monsoon precipitation, (3) local environmental changes such as neotectonics or changes in sill elevation, and/or (4) a non-linear response of proxies to environmental change, causing abrupt shifts in the proxies that do not correspond to an abrupt climate change. We argue for several reasons that the two transitions we documented at Ahung Co reflect changes in monsoon precipitation. First, a synthesis of 36 previously published records from across the Asian monsoon region showed an abrupt weakening in monsoon strength at 4500-5000 cal yr B.P. (Morrill et al., 2003) . Second, some records from southwest Asia, including Sumxi Co, Bangong Co, and Qunf Cave show a first decrease in monsoon strength aẗ 7000 cal yr B.P., following the early Holocene maximum (Fig. 8) . Short events like the wet -dry oscillations observed at Ahung Co are difficult to compare between records due to coarse resolution and dating uncertainties. As more highresolution records are published, we will be able to determine whether this century-scale variability is spatially coherent.
The causes of past monsoon variations are under debate. Possibilities include: changes in solar irradiance, temperature variations in the North Atlantic, and changes in the intensity and frequency of El Niño events (see review in Morrill et al., 2003) . For many records, including Ahung Co, it is difficult to make a compelling case for any one of these factors controlling precipitation. Noise and dating uncertainties in both monsoon records and forcing time-series impede comparisons. It is also possible, and perhaps likely given the complexity of the climate system, that there are multiple causes that interact with one another.
Conclusions
& The sediment record from Ahung Co shows two abrupt declines in monsoon precipitation at 7000 -7500 and 4700 cal yr B.P. In some records from southwest Asia, the first decrease in monsoon precipitation following the early Holocene monsoon maximum occurs at about 7000 cal yr B.P. The event at 4700 cal yr B.P. corresponds to a widespread, abrupt weakening of the Asian monsoon (Morrill et al., 2003) . & There were several (¨7) multi-century fluctuations in Ahung Co between states dominated by aquatic macrophytes and by lacustrine algae. These occurred with a median spacing of 500 yr (range: 200-1650 yr). We argue based on a correspondence between the macrophyte layers 
and higher d
18 O values that these fluctuations were triggered by changes in lake level. & At times during the last 4000 cal yr, the lake was too shallow for sediment accumulation. The exact duration of the lowstand(s) is unknown due to the possibility of sediment erosion and/or deflation. & Surface sediments in the lake accumulated during the 20th century. Their age is not well constrained, but we speculate that they correlate to a recent increase in monsoon strength (Anderson et al., 2002) .
